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Abstract
27
A key future challenge of domestic wastewater treatment is nutrient recovery while still 28 achieving acceptable discharge limits. Nutrient partitioning using purple phototrophic 29 bacteria (PPB) has the potential to biologically concentrate nutrients through growth. This 30 study evaluates the use of PPB in a continuous photo-anaerobic membrane bioreactor 31 (PAnMBR) for simultaneous organics and nutrient removal from domestic wastewater. This 32 process could continuously treat domestic wastewater to discharge limits (<50 mgCOD L . Thus, a minimum of 200 mg L -1 of ethanol (to provide 36 soluble COD) was required to achieve these discharge limits. Microbial community through 37 sequencing indicated dominance of >60% of PPB, though the PPB community was highly 38 
Inoculum 137
The reactor was started with raw domestic wastewater only. No inoculum was added. . The width, length and height of the photo-bioreactor were 2, 34 and 149 40 cm with water height between 28 -32 cm. The reactor was continuously mixed with an 150 internal gas recycle of 6 L min -1 by a vacuum pump (KNF Neuberger Laboport N86KT.18 (3), 151
Trenton, NJ, USA) via an condensate trap (4) through an air stone at the bottom of the 152 reactor (Aqua Nova Aquarium Air Stone 25 cm (5), Geebung, QLD, Australia). The gas 153 recycle also functioned as membrane and inner reactor wall cleaning, to minimize biofilm 154 formation. The reactor was continuously fed (Watson Marlow 120U/DM2 pump (6), 155
Wilmington, MA, USA) with raw domestic wastewater as noted above. A pressure sensor 156 was used as level switch (GE 5000 Series Pressure Transmitter, Fairfield, CO, USA) at theM A N U S C R I P T
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(11), Brendale, QLD, Australia) and temperature (TPS minichem temperature (12), Brendale, 162 QLD, Australia) were measured and recorded. 163 164
PAnMBR operation 165
A summary of the operating conditions is shown in Table 2 . The reactor temperature was 166 20 ± 2°C and the pH was 7.4 ± 0.2 during the entire test period. Ethanol was dosed as 167 exogenous carbon source (different dose rates). Analyses were generally done 3 times 168 weekly. Regular sludge withdrawal from the cone shaped reactor bottom was done to control 169 the SRT. The reactor was opened 3 times (at day 140, 182 and 202) to remove biofilm from 170 the membrane and reactor walls. 171
A mass balance was done on COD, N and P to identify extent of recovery over the last 60 d 172 (d 194 -254) . This was the period over which sludge was wasted daily, and the system was 173 operating most stable. The mass balance was calculated according to equation 1. TN and 174 TP recoveries were calculated in the same way. 175
Mass flows were calculated using hydraulic daily flow multiplied by measured mass 177 concentration. Actual measurements were used in the input (at least 3 times weekly), with 178 effluent measured also at least 3 times. Missing daily data in the effluent or sludge was 179 determined using linear interpolation (interp1 command in Matlab). 180 M A N U S C R I P T
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volatile solids (VS) were determined by drying at 105°C for 24 hours to determine the TS. 187
The VS was determined after 2 hours in a furnace at 550°C. Soluble and total Kjeldahl 188 nitrogen (TKN) and total phosphorous (TP) were determined using sulfuric acid, potassium 189 sulfate and copper sulfate catalyst in a block digestor (Lachat BD-46, Hach Company, 190
Loveland, CO, USA) (Patton and Truitt 1992 The reactor COD, TN and TP removal efficiencies of each period are summarized in Table  235 3. The TN and TP removal efficiency and concentrations over time are shown in Figure 2 . . The 281 overall nitrogen and phosphorous content of the harvested biomass (last 60d) was 9.5±0.5% 282 (gN/gDS) and 1.6±0.3% (gP/gDS). 283 284
Microbial population 285
The relative microbial community abundances over the reactor operation period are shown 286 in Figure 5 . The microbial community at day 21 was diverse with "others" accounting for 287 more than 50% of total community while PPB represented less than 10% of the relative 288 abundance). Rhodocyclus and Cloacibacterium were the major OTUs detected at this time. 
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Use of PPB for wastewater treatment vs alternative processes 359
The use of assimilative/accumulative processes (such as PPB, HRAS heterotrophs, and 360 algae) vs mainline anaerobic removal has been discussed previously (Batstone et al. 2014) . 361
The conclusion is that mainline anaerobic treatment (e.g., Anaerobic MBR processes, upflow 362 anaerobic sludge blankets) can enable additional energy recovery, but requires mainline 363 nitrogen removal (e.g., anaerobic ammonium oxidation) to become feasible for tertiary 364 treatment, and reduces or eliminates the potential for nitrogen recovery (Batstone et al. 365
2014, Kartal et al. 2010). 366
Assimilative alternatives include the use of chemotrophs (i.e., HRAS process), or 367 photosynthetic algae and cyanobacteria. A biologically enhanced HRAS is discussed above, 368
and would generally utilise carbon less efficiently compared with PPB due to oxidation of 369 organics, and a lower biomass nitrogen content (as explained above). However, 370 photosynthetic organisms are more effective at nitrogen fixation per input carbon, as they 371 synthesize organics using light (Turpin 1991) . A key drawback is that photosynthetic 372 organisms are not able to effectively utilise organic carbon, and require CO 2 for 373
photosynthesis (Park et al. 2011). 374
Shoener et al. (2014) reviewed the N and P removal for open and closed algal systems 375
found removals of 36 -87% for N and 32 -73% for P for open systems. Photobioreactor N 376 and P removal efficiencies ranged from 68 -80% and 85 -99% whereby the algal turf 377 scrubber (ATS) achieved 18 -91% N and 58 -96% P removal (Shoener et al. 2014) . All N 378 and P partitioned into biomass can potentially be recovered. However, the footprint of algal 379 systems is a drawback. Typical HRTs for raceway ponds, flat-plate and tubular photoM A N U S C R I P T
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photobioreactors with algal biomass are uneconomic for wastewater treatment, due to high 383 capital, as well as operational costs (Posten 2009 ). 384
This study shows, the use of PPB for wastewater treatment in closed systems is an 385 alternative option to remove COD, N and P simultaneously and non-destructively, but more 386 work is needed to optimize the reactor and determine the operational costs of this process. 387
However, compared to algae, a closed photobioreactor with PPB offers the potential of 388 significantly lower operational costs, mainly due to the reduced HRT of 0. The concept of treating wastewater with PPB is fundamentally different than utilising algae 402 (anoxygenic photosynthesis), as light energy is not used for photosynthesis, and the 403 spectrum must be limited to IR to avoid photosynthesis, making low energy (LED) artificial 404 lighting far more attractive. 405
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Barriers and Opportunities 407
Barriers 408
The addition of external (agricultural or fossil) derived carbon at a level of 400 mgCOD L -1 is 409 not feasible environmentally nor financially, and hence it is crucial to source organics 410 (preferably as VFA) internally to enable this technology. The influent COD is persevered in 411 the biomass and can be reused for this purpose. This would need to be effectively recovered 412 and separated from the nitrogen, as discussed in Batstone et al. (2014) . 
Opportunities 425
A key and immediate application for this process is industrial wastewater, where more 426 favourable COD:N:P ratios exist (ideally close to 100:6:1) Where there are substantial 427 nutrients that need to be removed (e.g., slaughterhouse, food processing wastewater) 428 Period III 95.9 ± 5.5 17 ± 24 18.9 ± 19.1 53.9 ± 11.3 39.0 ± 6.9 6.0 ± 0.6
Period V 95.6 ± 1.0 34.4 ± 8.3 83.9 ± 7.0 9.3 ± 3.9 97.5 ± 2.0 0.19 ± 0.2 *Period IV excluded due to stepwise increase of COD dosing. ± represent confidence interval 95% for concentrations (mg L 
